ubiquitously expressed 3.9-kb transcript. Recombinant GSTNdr underwent intramolecular autophosphorylation on serine and threonine residues in vitro but failed to transphosphorylate several standard protein kinase substrates. Transfection of the human cDNA into COS-1 cells resulted in the appearance of an intense nuclear staining in cells analyzed by indirect immunofluorescence; deletion mutagenesis identified a short basic peptide, KRKAETWKRNRR, responsible for the nuclear accumulation of Ndr. Thus, Ndr is a conserved and widely expressed nuclear protein kinase. The closest known relative of this previously uncharacterized kinase is Dbf2, a budding yeast protein kinase required for the completion of nuclear division.
Reversible protein phosphorylation is a major mechanism for the coordinated control of many fundamental cellular functions in eukaryotic organisms, including metabolism, growth, and differentiation (1) . The phosphorylation status, and consequently the activity, of specific target proteins is regulated by the opposing actions of protein kinases and protein phosphatases. Generally, these enzymes are specific either for serine/ threonine or for tyrosine phosphoacceptors, although some dual-specificity kinases and phosphatases have also been described (2) . The importance of phosphorylation cascades is reflected by the finding that many kinases, phosphatases, and the signal transduction pathways in which they participate have been highly conserved during the course of evolution (3) . In recent years, interest has focused on the role of protein phosphorylation in the control of the cell cycle (4); a number of cellular protooncogenes encode members of the serine (threonine) kinase family (5-7) and it has become increasingly clear that certain serine(threonine) kinases function as key components of the cell cycle regulatory network (8) . Therefore, the complete delineation of these pathways is an important aim for the understanding of oncogenesis and tumor progression.
In this paper we describe the identification of a human serine(threonine) protein kinase (EC 2.7.1.37) that is the homologue of a Caenorhabditis elegans expressed sequence tag (EST) called cmllb8 (9) and which is also highly conserved in Drosophila melanogaster; additionally, we report that this kinase is a ubiquitously expressed nuclear protein whose closest known relative is Dbf2, a serine(threonine) protein kinase required for normal progression through the cell cycle in the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
budding yeast Saccharomyces cerevisiae (10) . This GAGTCGTTTCTCCTCATC-3'; P3, 5'-TTTCTGCTTTC-CTTTTG-3'; P4, 5'-ACAAGACTTGGATTGGAAG-3'; P5,  5'-CATGCCATGGGATTGGAAGATTTTGAG-3'; P6, 5'-TCTAGCTAGCTGGGAATTCATGTTCTG-3'; P7, 5'-GTTTTCCCAGTCACGACGTTGTAAAACG-3'; P8, 5'-GGAGTATTGCCATTGCAT-3'; P9, 5 '-ATGCAATG-GCAATACTCC-3'. pBLM-Ndr was generated by ligation of the overlapping clones BBZ-Ndr-16b and BBZ-Ndr-3a using the commonXmn I site (nt 1045-1054). The assembled cDNA was excised with HindIl and Xba I and transferred to HindIII/Xba I-cut pECE (12) to create pECE-Ndr. pECE-Ndr-A65-81 was obtained by amplifying pBLM-Ndr using the primer pairs P1/P2 and P3/P4. The products were blunt-end ligated to each other and used to replace the corresponding Nco I/EcoRI fragment in pECE-Ndr. To generate pECE-Ndr-A1-84, a region of pBLMNdr was amplified using primers P5 and P3. The amplified product was digested with Nco I and EcoRI and cloned between the corresponding sites in pECE-Ndr. pECE-Ndr-A265-276 was made by amplifying pBLM-Ndr using primers P1 and P6. The resulting product was cut with Nco I and Nhe I and ligated between the corresponding sites in pECE-Ndr. To Abbreviations: GST, glutathione S-transferase; NLS, nuclear localization signal; EST, expressed sequence tag. (Fig. 1A) . The (19) , Dbf2 (20) , and the Dbf2 isoform Dbf2O (21) . (ii) The closest previously described relatives of Ndr are Dbf2 and Dbf2O, two highly related S. cerevisiae serine(threonine) protein kinases that regulate nuclear division and DNA synthesis (32% overall amino acid identity, 39% identity in the catalytic domain). Temperaturesensitive mutants of DBF2 show delayed initiation of DNA replication at the restrictive temperature and arrest in late mitosis with a "dumbbell" morphology due to a failure to complete nuclear division. In normal cells, Dbf2 transcript levels and kinase activity fluctuate during the cell cycle in a manner consistent with these functions (10) . However, the similarity between human Ndr and Dbf2 is much lower than that between human Ndr and Drosophila Ndr (68% identity), suggesting that Ndr and Dbf2 are related, but not species homologues. Possibly, Dbf2 and Ndr represent distinct members of a common subfamily.
Expression of Ndr in Human Tissues. Northern analysis revealed an -3.9-kb transcript in all tissues analyzed (Fig. 2) , One microgram of GST-Ndr (WT) or GST-Ndr (K118A) was assayed for autophosphorylation for 30 min; reactions were resolved by 10% SDS/PAGE followed by autoradiography. (C) After autophosphorylation, 32P-labeled GST-Ndr (WT) was hydrolyzed for 1 hr in 6 M HCI at 110°C and then electrophoresed at pH 1.9 (right to left) and at pH 3.5 (bottom to top). The plate was exposed to a Phosphorlmager. Positions of ninhydrin-stained standards are shown (pY, phosphotyrosine; pS, phosphoserine; pT, phosphothreonine). (D) Autophosphorylation of GST-Ndr (WT) was measured as a function of time (e, enzyme concentration = 0.2 ,ug/,ul) and of concentration (*, reaction time = 30 min; total protein concentration was kept at 0.2 ,xg/p±l using free GST; error bars represent the SD of triplicate determinations). Quantitation was achieved by Phosphorlmager scanning. (E) Combinations of GST, GST-Ndr (WT), and GST-Ndr (K118A) as indicated were subjected to kinase assay (30 min; reaction volume = 35 ,l) and then analyzed by SDS/PAGE and autoradiography.
Proc. Natl Acad ScL USA 92 (1995) 1 protein kinases that contacts the a and 13 phosphates of ATP and is essential for catalysis (22) . In both cases, purification on glutathione-agarose yielded proteins of the expected size (-82 kDa; Fig. 14) . About 50% of the purified protein was fulllength; the minor species migrating at 28-35 kDa are assumed to be degradation products of the fusion proteins, since purification of free GST under identical conditions yielded virtually homogenous protein.
Initially, GST-Ndr was tested in kinase assays using various nonspecific kinase substrates, including histone Hi, myelin basic protein, casein, and phosvitin; no phosphorylation of any of these exogenous substrates could be detected (data not shown). However, phosphorylation of an -82-kDa band was consistently observed. This was subsequently shown to represent autophosphorylation of GST-Ndr, since a point mutation in the catalytic domain of Ndr abolishes this phosphorylation (Fig. 3B) . Phosphoamino acid analysis of in vitro autophosphorylated Ndr revealed the presence of phosphoserine and phosphothreonine (Fig. 3C) . Thus, recombinant Ndr is an active serine(threonine) protein kinase and can undergo autophosphorylation on at least two sites. These two sites are likely to be located within Ndr itself, since the fusion protein was not able to phosphorylate free GST.
The inability of GST-Ndr to phosphorylate a number of protein substrates widely used in kinase assays may be an indication that Ndr has a restricted substrate specificity compared to other protein kinases, as was observed in the case of MAPKAP kinase 2 (23) . The same enzymatic characteristics (i.e., autophosphorylation, lack of activity toward standard kinase substrates) were observed using Ndr immunoprecipitated from transfected overexpressing COS-1 cells (data not shown). Alternatively, activity toward exogenous substrates may be absolutely dependent on a posttranslational modification, such as phosphorylation/dephosphorylation or association with an activating subunit. A third possibility is that Ndr requires an as yet unidentified second messenger or cofactor for activity toward exogenous substrates.
Autophosphorylation of GST-Ndr was linear for at least 60 min (Fig. 3D) ; moreover, when assayed under linear reaction conditions (30 min) phosphate incorporation was observed to be independent of enzyme concentration (Fig. 3D) , implying an intramolecular mechanism of autophosphorylation. This conclusion was supported by the finding that autophosphorylation could not be stimulated by the addition of a 10-fold excess of inactive GST-Ndr (K118A) to the active enzyme (Fig.  3E) . Given that autophosphorylation of Ndr is intramolecular, linear phosphate incorporation over a period of 60 min suggests a very slow reaction rate and thus further reinforces the notion that Ndr may require some form of activation for its full protein kinase activity.
Expression and Localization of Human Ndr in COS-1 Cells. To express Ndr in COS-1 cells, the overlapping fetal brain cDNA clones (Fig. iB) were ligated at a common restriction site and subcloned into the simian virus 40-based expression vector pECE (12). The overexpressed protein was then detected using an affinity-purified polyclonal antiserum raised against the predicted carboxyl terminus of the protein.
Transfection of the human cDNA into COS-1 cells led to the appearance of an -55-kDa immunoreactive polypeptide on Western blots of whole-cell lysates (Fig. 4A, lane 2) . This species was normally not observed in lysates from cells transfected with the pECE vector alone, although extreme overex- (Fig. 4B) . The majority of the staining was specific under the conditions used, since mock-transfected cells showed only a very weak background staining (Fig. 4C) (Fig. 4A) . Deletion of amino acids 65-81, containing the consensus bipartite motif, had no effect on the nuclear accumulation of Ndr (Fig. 4D) ; similarly, deletion of the entire amino-terminal domain did not reduce nuclear uptake (Fig. 4E) . Therefore, these sequences do not appear to play a role in the nuclear localization of Ndr. However, deletion of amino acids [265] [266] [267] [268] [269] [270] [271] [272] [273] [274] [275] [276] in the catalytic domain insert led to a significant redistribution of the expressed protein (Fig. 4F) . Instead of an intense nuclear signal, cells showed a more diffuse pattern of staining. In many cells, the nuclei were visible as darker regions against the cytoplasm. The expressed protein was not completely excluded from the nuclei (exclusion from the nucleoli is still visible), but this may be explained by an ability to diffuse slowly into the nucleus, as the size of the deletion mutant is near the cutoff size (40-60 kDa) for passive nuclear entry (25) . Thus, the NLS of Ndr appears to be contained within the peptide KRKAETWKRNRR.
The identification of the Ndr NLS raises the question of why the consensus bipartite sequence is not active, while the nonconsensus NLS is. One explanation might be that the bipartite motif does not lie in an appropriate context. The surrounding sequence context is known to influence the activity of NLSs; for example, the NLS of p53 directs p-galactosidase to the nucleus when fused to its carboxyl terminus, but the same NLS fused to the amino terminus of ,3-galactosidase is inactive (26) . There is also reason to believe that active NLSs usually lie in nonhelical regions of proteins, since they are frequently flanked by helix-destabilizing residues such as Pro and Gly (27) . Computer prediction of secondary structure suggests that the bipartite basic sequence of Ndr is likely to occupy an a-helical region. In agreement with this, the region amino-terminal to the catalytic domain in cAMP-dependent protein kinase is an extended a-helix (28) , and this structural feature is believed to occur frequently in protein kinases in general (29) . In contrast, the nonconsensus active NLS of Ndr is predicted to reside at a turn and lies near to what has been termed the "lip" region of protein kinases (30) ; thus, by analogy with the structures of cAMP-dependent protein kinase and ERK2 (31) 
